Introduction
, which exceeded the short-114 term workplace exposure limit (15 minute reference period). The variability in these studies highlights 115 the uncertainty in recording and reporting methodologies but also suggests that other possible 116 explanations for the reported symptoms must be considered as the effects may not be due to TCP or 117 ooo-TCP alone. The temperatures of jet engines during operation can vary, the oil may be heated to 118 several hundred °C (Ramsden, 2013) , although some parts of the engine (e.g., the combustion chamber) 119 can get much hotter and exceed temperatures of 400°C. These temperatures have the potential to alter 120 the composition of the original oil and create other toxic compounds such as trimethylolpropane 121 phosphate (Winder and Balouet, 2002) . Pyrolysis of the oil also has the potential to pose a health risk 122 due to the generation of toxic asphyxiants such as carbon monoxide and hydrogen cyanide (Winder and 123 Balouet, 2002) . There is currently a large degree of uncertainty as to what compounds are produced and 124 how toxic they are through inhalation in the vapour phase at high altitudes (de Boer et al. 2015) . 125
In this study samples of fresh and used aircraft oil were analysed by Fourier Transform Ion Cyclotron 126
Resonance Mass Spectrometry (FTICRMS) and comprehensive two dimensional gas chromatography 127 with high resolution mass spectrometry (GCxGC-HRTOFMS), to characterise the composition of the oil 128 and identify potentially toxic products that may be generated during use. Particular focus was given to 129 organophosphates as these are the group of compounds most closely linked to aerotoxic syndrome. The FTICRMS was operated at a resolving power of 300,000 (fwhm) at 368 m/z. Mass accuracy was less 142 than one ppm, achieved by internal mass calibration using the Agilent ESI calibration mix, which was 143 added to the sample at a 1:1 ratio before infusion. treated). The injector temperature was set at 280 ⁰C, the initial oven temperature was held at 70 ⁰C for 148 three minutes then ramped at 10⁰C a minute to 220 ⁰C, then 2.5 ⁰C a minute to 300 ⁰C and held for 5 149 minutes. The secondary oven was set at a 40 ⁰C offset to the primary oven. The modulation period was 150 set at 4 seconds with a hot pulse duration of 0.4 s and the transfer line temperature at 360 ⁰C. The 151 corona voltage was set at 5 μA, the cone gas at a flow rate of 175 L/hr and auxiliary gas flow set at 100 152 L/hr. Ionisation was undertaken using an atmospheric pressure chemical ionisation source at 150 ⁰C 153 with the detector run in TOF mode using a scan window of 50 amu to 1200 amu with a scan time of 0.04 154 (+ 0.015 interscan delay) seconds. The GCxGC-HRTOFMS was operated at a resolving power of >20,000 155 (fwhm), internal mass calibration was performed by using a lock mass ion (355.0699) generated from a 156 siloxane. Limits of detection for tri-cresyl phosphates were calculated by serial dilution of the calibration8 159 3. Results and discussion Three fresh oil and three used oil samples were analysed using the FTICRMS and compared. This was 162 undertaken to identify the bulk compositions of the oil and identify potential differences between the 163 fresh and used oil, based on exact mass elemental composition assignments. The data was interpreted 164 by investigating the mass spectra and filtering the data using a Kendrick Mass defect plot, which was 165 pioneered by Kendrick (1963) The exact mass is plotted against its mass defect (exact mass minus nominal mass). Using the Kendrick 170 mass scale gives CH2 an exact mass of 14.0000, thus aligning series of hydrocarbons. 171
The results show that both oils were comprised of predominantly oxygen containing synthetic esters, 172 with the O6 series being the most abundant. The data was filtered to identify potential compounds with 173 a PO4 group. In both the used and the fresh oil TCP (C21H21PO4) could be clearly identified with a mass 174 accuracy of less than 1 ppm (Figure 1 ). Three ions are displayed for TCP in the plot, these represent the 175 molecular ion of TCP, the TCP + H + adduct formed in the APPI source and a 13 C TCP + H + adduct. 176
As well as TCP, three PO4 containing compounds were consistently identified in the three used oil 177 samples but were not identified in any of the fresh oil samples. The molecular formula for these 178 compounds corresponded to C22H23PO4, C23H25PO4, and C24H27PO4, with a mass accuracy of 1 ppm 179 indicating that these compounds are related to TCP but with the addition of a methyl group on one or allthree of the cresyls. The structures are therefore hypothesised as monoxylenyl dicresyl phosphate, 181 dixylenyl dicresyl phosphate and trixylenyl phosphate as xylenyl cresyl phosphates have been previously 182 identified as potential contaminants in TCP solutions by Winder and Balouet (2002) . Recently revised 183 versions of the safety data sheets of some widely-used aviation engine oils also now report 0.1-1% 184 trixylenyl phosphate (TXP) content (Exxon-Mobil, 2013). However, without the use of analytical 185 standards we were unable to confirm that they are not another alkylated compound with the same 186 molecular formula such as ethyl phenyl phosphates. 187
The discovery of alkylated cresyl phosphates in aircraft oil is a significant finding as the mono and di The results indicate that the formulation of Mobile II jet oil does not contain the more toxic ortho 252 substituted TCP isomers at detectable concentrations. However, there are several other toxic 253 components that may be present in jet oil. The absence of ortho containing TCP isomers does not 254 necessarily mean that the oil does not pose a significant risk. Table 2 contains a list of potential 255 compounds of concern that were screened for in the fresh and used oil. These compounds were 256 selected from a literature search of organophosphates and other toxic compounds found in lubricating 257 oils. 258 X = present in the sample with S:N greater than 10:1 but not quantified as no specific internal standard 260 or calibration series were used 261
262
The GCxGC-HRTOFMS analysis confirmed the presence of the same group of three alkylated cresyl 263 phosphates that were previously identified by FTICRMS for the used oil (Figure 1 ). The limits of detection 264 by HRTOFMS were lower than the FTICR which enabled the detection of mono and tri xylenyl 265 phosphates in the fresh oil extract in concentrations slightly greater than the limit of detection (0.0005% 266 in the oil), however no dixylenyl phosphates were detected. 267
In all three used oil samples, 10 monoxylenyl dicresyl phosphate isomers, 7 dixylenyl monocresyl 268 phosphate isomers and 10 trixylenyl phosphate isomers were detected (with S:N >10). When assessing the risks in cabin air it is clear that assessments should not just consider ooo-TCP but 297 investigate other compounds that may be present in oil and consider other pollutant pathways.
Conclusions

305
Flying is an important form of transportation and, for some, a rewarding past time. Although, aircraft 306 crew are exposed to greater levels of cosmic radiation, VOCs and ozone, it is exposure to 307 organophosphates that has been most closely linked to aerotoxic syndrome. The majority of studies on 308 aerotoxic syndrome have focused on TCP and specifically tri-ortho-cresyl phosphate (ooo-TCP). This 309 paper presents the findings of a wider screening method performed by FTICR MS and GCxGC-HRTOFMS 310 to assess the presence of other organophosphates in fresh and used engine oil. 311
The results show that the formulation of Mobile II jet oil does not contain the more toxic ortho 312 substituted TCP isomers at detectable concentrations. However, there may still be a significant risk from 313 alkylated cresyl phosphates (xylenyl or ethylphenyl phosphates) which were identified in the used oils at 314 concentrations calculated in the range of 0.13 to 0.69%. Several xylenyl and ethylphenyl phosphates 315 have been shown to exhibit a similar toxicity to ortho substituted TCP isomers which makes there 316 discovery in used oil significant. These compounds have not been analysed or accounted for in many of 317 the previous exposure and air quality studies which may therefore have underestimated the actual risks 318 from organophosphates. 319
More research is needed to further understand the problem of aerotoxic syndrome and establish if 320 protective measures are necessary to ensure the health of future flight crews and passengers. These 321 studies should include not only targeted analysis of suspected contaminants of concern such as tri-322 ortho-cresyl phosphate and N-phenyl-1-naphthalamine but also include non-targeted screening for 323 other potential contaminants such as xylenyl phosphates generated during oil use. Future research 324
should also include more detailed sampling of different matrices such as used oil, bleed air vapour, cabin 325 air, fabric and of air crew. We can only fully understand the risks from aircraft oil when we understand 
